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Abstract The mannose transporter of the Escherichia coli 
bacterial phosphotransferase system consists of three subunits: 
IIAB, IIC and IID. IIABM a n transfers phosphoryl groups to the 
transported substrate via phosphohistidine intermediates. Its IIB 
domain was overexpressed and isotopically labelled with 1 3 C, 1 5N 
and 2H. Heteronuclear 3D triple-resonance NMR experiments 
combined with a semi-automatic assignment procedure yielded 
the sequential assignment of the *H, 13C and 1 5N backbone 
resonances. Based on the evaluation of conformationally sensitive 
parameters, the secondary structure of the IIBM a n domain has 
been determined as an a/p twisted open-sheet structure consisting 
of a six-stranded parallel P-sheet with the novel strand order 3 -
2—4-1-5-6, six helices and a short two-stranded antiparallel P-
sheet. 
© 1997 Federation of European Biochemical Societies. 
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1. Introduction 
The bacterial phosphoenolpyruvate-dependent phospho-
transferase system (PTS) consists of a protein phosphoryla-
tion cascade which integrates transport and metabolism of 
carbohydrates with signal transduction [2,3]. It is almost ubiq-
uitous in bacteria but does not occur in animals and higher 
plants. The mannose PTS transporter of Escherichia coli me-
diates the uptake of mannose and related hexoses by a mech-
anism coupling vectorial translocation and concomitant phos-
phorylation of the substrate. It consists of two 
transmembrane subunits ( I IC M a n and I ID M a n ) and a soluble 
hydrophilic subunit (IIABM a n) [4]. Compared to other PTS 
transporters it shows a wide substrate specificity, an unusual 
subunit composition and a different molecular reaction mech-
anism [5]. The IIAB subunit consists of two independently 
folding domains, I IA mediating interdimer contacts and IIB 
binding to the t ransmembrane I IC/IID complex. Phosphoryl 
transfer from HPr to the transported sugar substrate occurs 
sequentially via the phosphorylation sites of IIA and IIB 
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Abbreviations: PTS, phosphoenolpyruvate-dependent carbohydrate 
phosphotransferase system; IIABMan, hydrophilic subunit of the 
mannose transporter (EC 2.7.1.69); IICMan and IIDMan, transmem-
brane subunits of the mannose transporter (EC 2.7.1.69); IIBMan, 
carboxy terminal domain of IIABMau; HPr, histidine-containing 
phosphocarrier protein of the PTS; NMR-specific abbreviations (2D, 
3D, NOESY, TOCSY, etc.) see review [1] 
(His10 and His1 7 5 , respectively) [6]. Phospho-HPr itself is re-
generated from phosphoenolpyruvate in a reaction catalysed 
by Enzyme I of the PTS. 
Uniqueness and pleiotropic function make the PTS a po-
tential target for the development of new antimicrobials. A 
desirable prerequisite for this enterprise is structural informa-
tion about its components. The 3D structures of a number of 
PTS proteins are already known (for a review see [7]). Here we 
present the secondary structure of the I IB M a u domain ob-
tained by heteronuclear N M R spectroscopy. I IB M a n consists 
of a central six-stranded parallel P-sheet with the novel strand 
order 3 -2 -4 -1 -5 -6 and six a-helices. Assuming that the alter-
nating a and P structures form right-handed turns, I IB M a n 
must have an open-pleated-sheet structure with helices 1 and 
2 on one and helices 3, 4 and 5 on the opposite side of the P-
sheet. 
2. Materials and methods 
2.1. Overexpression and purification of IIBMm 
The expression plasmid pMSP20 encoding the IIBMan domain was 
constructed by inserting the NdeVScal fragment of pTSL23 [4] into 
the expression vector pMS470 encoding Ptac, a ribosome-binding site, 
laclq and bla (gift of Dr. E. Lanka, Berlin). E. coli strain W3110 
(pMSP20) was grown as described [8] in a minimal salts medium 
supplemented with 1 g/1 U-[15N]NH4C1 and either 1% glycerol or 
0.25% U-[13C]glucose (Martek Corp.). For the partially deuterated 
15N,13C-labelled sample cells were grown in a minimal salts medium 
containing 75% D 2 0 and a [U-
15N,13C, 75% D]-labelled hydrolysate 
from algae as amino acid source (EMBL labelling facility, EMBL, 
Heidelberg, Germany). The average yield after purification [4,8] was 
ca. 15 mg 11 BMan per liter of cell culture. Subclonal IIBMan comprises 
168 residues, with its first residue Met1 and the active site His20 cor-
responding to Met156 and His175 of the full-length IIABMan protein. 
2.2. NMR spectroscopy 
All NMR experiments were performed at 300 K on four channel 
Bruker AMX600, DMX600 or DMX750 spectrometers, all equipped 
with pulsed field gradient (PFG) accessory and triple or quadruple 
resonance probes. Proton chemical shifts were referenced to external 
TSP (300 K, pH 7.0), nitrogen and carbon chemical shifts in terms of 
the frequency ratios a according to Wishart et al. [9]. Carrier posi-
tions were 119 (15N), 175 (13CO), 54 (13Ca), 45 (l3CaW) and 4.74 ppm 
(' H). In all amide proton detected 2D and 3D experiments PFGs were 
used for coherence pathway selection with sensitivity enhancement 
[10,11] in the echo/antiecho manner [12] and for suppression of the 
water signal and spectral artifacts [13]. Quadrature detection in the 
other indirect dimension was achieved with the States-TPPI method 
[14]. 
All NMR spectra were acquired in 90% H2O/10% D 2 0 at 600 MHz 
(except where stated), for general references see review [1]. The fol-
lowing 3D triple resonance experiments were performed with the uni-
formly 13C/15N-labelled sample (0.9 mmol), with the 15N dimensions 
recorded in a constant time manner [15,16]: HNCO with water flip 
back [17]; HCACO; HN(CA)HA; HNCACB (750 MHz); HN(CO)-
0014-5793/97/S17.00 © 1997 Federation of European Biochemical Societies. All rights reserved. 
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28,1 NE 112,7; 
35,3 
70,5 
29,0 NE 110,8; 
32,1 













HE 6,98; 7,66 
He 6,63;6,97 
H5 6,78;7,57 
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Table 1 
Residue 
Phe1 3 0 
Lys1 3 7 
Lys1 3 8 
Leu1 3 9 
Asn1 4 0 
Ala1 4 1 
Arg 1 4 2 
Gly1 4 3 
He144 
Glu1 4 5 
Leu1 4 6 
Glu1 4 7 
Val1 4 8 
Arg 1 4 9 
Lys1 5 0 
Val151 
Ser152 
Thr1 5 3 
Asp 1 5 4 
Pro 1 5 5 
Lys1 5 6 
Leu1 5 7 
Lys1 5 8 
Met1 5 9 
Met 1 6 0 
Asp 1 6 1 
Leu1 6 2 
He163 
Ser164 
Lys1 6 5 
He166 
Asn1 6 7 
Lys1 6 8 
(continued). 








































































































































































































CACB [18] (750 MHz); 13C-NOESY-HSQC (750 MHz). The follow-
ing spectra were obtained from the 15N-labelled sample: 15N-NOESY-
HSQC (Tm=100 ms);
 15N-TOCSY-HSQC (xm=19 ms, with a DIPSI-2 
mixing sequence [19]). In addition two 15N-NOESY-HSQC-spectra 
and a HNHA-spectrum [20] were recorded on the 75% deuterated 
13C/15N-labelled sample (with 2H-decoupling using GARP [21]). The 
data were processed with the software packages UXNMR (Bruker) 
and NMR-TRIAD (Tripos). For the indirect dimensions linear pre-
diction, zero filling (to next power of 2) and apodization with a 90° 
shifted sine bell were used, in the direct dimension zero filling to 1024 
real points, Lorentz-to-Gauss transformation and baseline correction 
were applied. 
3. Results and discussion 
3.1. Resonance assignment 
For a 20 kDa protein, IIBMan exhibited a comparatively 
poor signal intensity in most of its 3D spectra, and the : H 
and 13C signals in particular decayed rapidly. The residues 
around the active site His20 and in the whole amino-terminal 
half of the protein displayed low signal intensities, or no sig-
nals at all. Many amide resonances in this region even showed 
almost no NOE cross-peaks. In addition, a large percentage of 
the expected signals was missing in the NMR experiments 
containing long periods for coupling evolution. Nevertheless, 
the degeneracy of the resonances and the low information 
content could be overcome by combining the sequence infor-
mation from C a , C^, CO and H a signals, and an almost 
complete proton, carbon and nitrogen assignment of the 
jjgMan backbone was obtained (Table 1). The sequential 
backbone assignment was performed with the program PAS-
TA (Protein Assignment by Threshold Accepting) [22], using a 
minimization strategy termed threshold accepting, similar to 
simulated annealing. PASTA uses peaklists from the HNCO 
spectrum to create a basis set of pseudo-residues. Information 
from the HNCO, HNCA, HN(CA)HA, HCACO, HNCACB, 
HN(CO)CACB, TOCSY and HNHA spectra was then com-
bined to achieve the sequential assignment. For this the pro-
gram utilizes a penalty function defined on the basis of the 
match between two adjacent residues. This penalty function is 
then minimized to find the sequence with the lowest 'energy', 
representing the assignment that matches the current dataset 
best. 
3.2. Secondary structure of IIBUdn 
Secondary structure elements were characterized by a spe-
cific pattern of sequential and long-range NOE cross-peaks 
[23]. However, the number of cross-peaks obtained from the 
15N/13C- and the 15N-labelled sample was too low for unam-
biguous secondary structure determination. Only a new 75% 
deuterated 13C/15N-labelled sample afforded significantly im-
proved signal intensities (cf., Fig. 1) [24]. However, the overall 
number and the intensities of NOE cross-peaks from the ami-
no-terminal half still remained considerably lower than from 
the carboxy-terminal moiety of IIB. Interresidual NOE data 
for each residue in IIBMan are schematically displayed in Fig. 
2. The six-stranded parallel P-sheet and the two-stranded anti-
parallel (3-sheet are well defined by strong sequential CaH ;/ 
HN i+1 as well as long-range interstrand NOEs (see Fig. 3). 
Helix 4 (93-103), helix 5 (130-144) and helix 6 (158-164) are 
also well defined by strong HN-HN(i+1) NOEs and a large 
number of long-range connections (CaHi;HNi/HN 
i+3;HN i+4). Helices 1 (27-31), 2 (48-55) and 3 (71-77) display 
strong HN-HN(i+1) NOEs but a lack of long-range connec-
tions, due to the low signal intensities around the phospho-
rylation site His20. 
Helices and strands were further confirmed by the CSI 
(Chemical Shift Index) method [25], evaluating the character-
istic deviations of the C a , C^, CO and H a chemical shifts from 
their random coil values. These secondary structure-depend-
ent chemical shift deviations together with the CSI derived 
thereof (Fig. 4) are in excellent agreement with the secondary 
structure as determined from the NOE pattern. Especially the 
helices 1, 2 and 3 (where NOE data were scarce) could be 
confirmed by the characteristic CSI. 
Finally, the 3JHN,H<X coupling constants were also found to 
be consistent with the IIBMan secondary structure, with char-
acteristic values for residues in a-helices ( ~ 4 Hz) and P-
sheets ( = 9 Hz). Again, deuteration of the sample produced 
a considerable improvement of the HNHA spectrum (as al-
ready observed in the NOESY experiment, see above) with an 
dramatically increased number of HNHA cross-peaks. The 
different relaxation behavior of such a sample [26] can intro-
duce additional errors in this method [20]; nevertheless the 
tendency of the measured coupling constants is in good agree-
ment with the other indicators of secondary structure (see 
Fig. 2). 
3.3. Biological implications 
The IIB domain is an open twisted parallel P-sheet sur-
rounded by helices on both sides. The underlying structure 
are two Rossmann folds (pocPap) which, like in a nucleo-
tide-binding protein, are connected by an a-helix (Fig. 5). 
However, in contrast to the nucleotide-binding proteins, P-
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Fig. 1. Selected regions from the 'H^H-planes of a 3D 15N-edited 1H,1H-NOESY spectrum of IIBM<m. Slices were taken at the 15N chemical 
shift of the indicated residues; residues 87-89 are located in a (3-sheet, residues 95-97 in a helical region. Left panel: slices from the 15N-labeled 
sample; right panel: slices from the uniformly 75% deuterated 15N,13C-labeled sample. Under identical conditions the partially deuterated sam-
ple yields a significantly higher signal intensity and number of NOE correlations. 
NHi-NH^ 
NHH-NH^ 
(31 al |32 a2 (33 a3 (34 
1 10 2 0 75 T5 "T) 6 0 70 80 
MGPNDYMVIGLARIDDRLIHGQVATRWTKETNVSRIIWSDEVAADTVRKTLLTQVAPPGVTAHWDVAKMIRVYNNPKYAGERV 
NH, - N H i + 4 
COHi-NH; 
C«Hi -NHi + 1 
C«Hi-NH i + 2 
CaHi-NHi.,3 
C « H i - N H i + 4 
3 J KH,H° 
L.O J-cons . bbb hhhhhhhhh bbbbbbb hhhhhhhhh bbbbbbb hhhhhhhh b b 
(34 a4 P5 (3'1 (3'2 a 5 (36 a6 
90 100 110 120 130 140 150 160 168 
MLLFTNPTDVERLVEGGVKITSVNVGGMAFRQGKTQVNNAVSVDEKDIEAFKKLNARGIELEVRKVSTDPKLKMMDLISKIDK 
N H i - N H i 1 
N H i - N H i i 2 




C a H i - N H i l 2 
C t I H i -NH i + 3 
C « H ^ - N H - , 
C S I C b b b b b b hhhhhhhh bbbbb bbb bbbbbhhhhhhhhhhhh bbbbbbb hh hhhhhh 
Fig. 2. Summary of sequential NOEs and 3JHN,HCX coupling constants. The width of the bars indicates the intensities of the corresponding 
NOEs (strong, strong-medium, medium, medium-weak, weak) and coupling constants (small, < 2 Hz; medium, 2-5 Hz; large, > 5 Hz). The 
secondary structure elements of IIBMan are indicated on top. 
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Fig. 3. Schematic representation of the central six-stranded parallel p-sheet and the two-stranded antiparallel P-sheet region. Arrows denote ex-
perimentally observed interstrand NOEs. All side chains have been omitted; the residue number is indicated at the a-carbon position. 
strands 1 and 4 of IIB are swapped and the Rossmann folds 
are not adjacent (strands order 654123), but interdigitated 
(strand order 651423). Assuming that the alternating a and 
P structures form right-handed turns, then helices 1 and 2 are 
located on one side and helices 3, 4 and 5 on the opposite side 
of the P-sheet. The active site His20 is situated in the first loop 
(Pl/al) of the topological switch point. A comparison of 
jjgMan ^ ^ t n e t m - e e homologous proteins IIB
Lev (B. subtilis 
[27]), IIBSor (K. pneumoniae [28] and IIBGlc (V. furnissii) (C. 
Bouma and S. Roseman, personal communication) indicates 
that the sequences at the active site are strongly conserved 
(RID(D/E)R(L/F)(I/V)HGQV. The invariant arginines Arg13 
and Arg17 are indispensable for phosphoryl transfer from 
His20 to the 6'-OH of mannose, but not for phopshorylation 
of IIB by IIA (Lanz and Erni, unpublished observation). The 
entire first half of the P-sheet (pi to P4) and especially the 
residues around the active site region of IIBMan yielded only 
weak signals in all NMR experiments, suggesting a high de-
gree of conformational flexibility. A possible explanation for 
this feature is that IIB interacts with up to four other protein 
domains, namely the two subunits of the intertwined IIA 
dimer [29] from which it receives the phosphoryl group, and 
the transmembrane IIC/IID subunits to at least one of which 
it is tightly bound (Erni, unpublished results). The interaction 
with IIA does not appear to influence IIB stability, because 
subclonal IIB and the IIB in the intact IIABMan dimer show 
the same stability against thermal and GuHCl induced unfold-
ing [30]. The stabilities of subclonal IIB and IIB in the com-
plex with IIC and IID have not yet been compared. However, 
a IIABMan mutant with a strongly reduced affinity for IIC/IID 
was discovered when different histidine mutants were charac-
terized [6]. The mutant H219Q (corresponding to His64 in 
subclonal IIB) resides in P3 in the section of the protein dis-
playing increased mobility. We speculate that this region is 
part of the interface with IIC/IID and that the absence of 
the protein-protein contacts could be responsible for the in-
creased flexibility here. 
No proteins of similar fold could be found in the SCOP 
database [31]. While this work was in progress, the secondary 
structure of the IIBLev subunit of the B. subtilis fructose trans-
porter was solved by heteronuclear NMR [8]. The amino acid 
sequences of the two proteins are 43% identical. As expected, 
the two proteins show an almost identical secondary structure 
pattern. There are a few differences however: the small anti-
parallel P-sheet (P'l/P'2) and a6 of IIBMan have not been 
found in IIBLev. On the other hand, an additional P-strand 
(P7) antiparallel to P6 was detected in IIBLev. For IIBMan two 
NOE contacts (E147/L157; V148/K156) were indeed found at 
the position homologous to the P7 of IIBLev (i.e., K156-M159 
in IIBMan), but no evidence for the existence of a P sheet could 
be detected from NOE patterns, CSI and J coupling con-
stants. 
Further experiments are in progress to study the structural 
changes induced by phosphorylation and interaction of 
IIBMan w i t h nA
M a n . 
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